The essential oil of Eucalyptus cinerea is reported to possess a higher 1,8-cineole content than other Eucalyptus species. Variations in the quantitative and qualitative characteristics of E. cinerea oil produced by hydrodistillation (HD) and supercritical carbon dioxide extraction (SCE) techniques and a comparison between glycoside-bound and free volatile constituents produced by HD have been studied. It was found that HD produced higher oil (free volatiles) content (3.1%) as compared with SCE (1.1%), whereas bound volatiles constituted only about 0.4%. Gas chromatographic (GC) analysis of the oil samples revealed significant difference in their chemical composition. The essential oil (free volatiles) produced by HD contained 1,8-cineole (85.1%) as the major constituent, followed by α-terpineol (7.2%) and limonene (4.4%). In the bound volatile fraction produced by HD, 1,8 cineole (20.6%), α-terpineol (7.6%), p-cymene (6.3%), and limonene (4.5%) were found as major constituents. The extract produced by SCE was dominated by 1,8-cineole (70.4%), α-terpineol (8.6%), globulol (3.1%), aromadendrene (2%), citronellal (1.7%), viridiflorol (1.3%), phytol (1.1%) and terpinen-4-ol (1%). Although HD produced higher oil yields, SCE produced better extract in terms of the number of components detected.
There are over 700 different species of Eucalyptus (family, Myrtaceae) in the world, of which at least 500 produce essential oils [1] . The chemical composition of Eucalyptus oils varies with, for example, season, origin and species, and the different oils possess different biological activities [2, 3] . E. baueriana, E. smithii, E. globulus and E. polybractea are the major species known to produce essential oils in which cineole predominates [4] . E. cinerea F. Muell. ex Benth., a less explored species, is known to possess the highest content of 1,8-cineole (1,8-epoxy-pmenthane; better known as eucalyptol) [5] . This compound is being used in medicinal, perfumery and flavor preparations [6] . Studies have revealed that cineole inhibits the growth of leukemia cells [7a] , and has antimicrobial [7b], nematicidal [7c], antioxidant [7d] and anti-inflammatory [8a-8c] activities that makes it a benign agricultural agent.
Twenty compounds were identified in the essential oil of E. cinerea foliage with 1,8 cineole (84.4%), limonene (5.9%) and α-terpineol (5.6%) as the major compounds [9] . Along with these free volatiles, the presence of glycoside-bound volatiles was established. Such compounds have been identified in aromatic [10, 11] and non-aromatic [12, 13] plants. The study of the free and glycoside-bound volatile compounds produced by hydrodistillation (HD) may be of pharmacological interest, but also interesting for the food and perfumery industries.
Traditionally, different distillation techniques and processing machinery are being employed to extract essential oils from aromatic plants on the laboratory, pilot and commercial scales [14a-14i] , apart from organic solvent extraction using percolation, Soxhlet extraction and simultaneous distillation-extraction techniques. These procedures, however, are reported to have distinct drawbacks, such as being time-consuming, energy and labor-intensive operations involving the handling of large volumes of hazardous solvents and extended concentration steps, which can result in the loss of active ingredients, and chemical reactions such as hydrolysis, allylic rearrangement, elimination, and thermal degradation of target analytes [15] . These shortcomings have led to the consideration of supercritical carbon dioxide extraction (SCE) [16] . SCE has been used for the isolation of essential oils from other species of Eucalyptus [17, 18] , but comparison of the free and glycoside-bound volatile composition of E. cinerea oil has not been studied in depth. The present study was, therefore, aimed at bringing out the variations in the qualitative and quantitative characteristics between free and glycoside-bound volatile oils produced by HD and to compare the same vis-à-vis volatiles produced by SCE.
Comparison of free and glycoside-bound volatiles produced by HD
Variations in oil yield: HD of E. cinerea foliage yielded approximately ten times more free volatile oil (3.1%) than the glycoside-bound volatile oil (0.4%) produced by acidic hydrolysis of the spent raw material (left over foliage after extracting the free volatiles). This indicates that the bound volatiles were present only as a minor fraction compared with the free volatiles. The free volatile content of the oil produced by HD in the present study is half that reported by Franco et al. (6.1%) [19] , but higher than those recorded by Zrira et al. (0.2%) [5] and Iglesias et al.
(0.7%) [20] . However, the oil yield (2.2%) reported in our previous publication [9] corroborates the present results.
Variations in chemical composition:
The content of 1,8-cineole, the major volatile constituent of E. cinerea [9] , was higher in the free volatiles (85.1%) than in the glycoside-bound volatiles (20.6%) ( Table 1 ). Components such as myrcene (0.1%), trans-pinocarveol (0.1%) and δterpineol (0.1%) were found only in the free volatiles. On the contrary, α-terpinene (14.6%), γ-terpinene (6.4%), terpinen-1-ol (4.8%), carvenone (3.9%), α-terpinolene (3.3%), iso-terpinolene (2.5%), p-cymenene (2.4%), iso-amylalcohol (1.4%), borneol (1.2%) neoisopulegol (0.4%), camphene (0.3%), cis-3-hexen-1-ol (0.2%) and 3,8-p-menthadiene (0.2%) were found exclusively in the bound volatiles.
The use of sulfuric acid in extracting the bound volatiles led to the formation of artifacts in addition to the release by acid hydrolysis of aglycones attached to the glycosidic moieties. The artifacts produced included α-terpinene,
camphene, carvenone and aromadendrene, which might have formed through different chemical reactions. However, compounds such as terpinen-1-ol, terpinen-4-ol, α-terpineol, cis-3-hexen-1-ol, iso-amylalcohol, borneol and neoisopulegol could have been released from glycosidic bondage through acid hydrolysis and/or formed by different chemical reactions.
Carvenone, in the bound volatile fraction, was assumed to be formed from limonene [21] . The rearrangement of terpineols to cineoles in the presence of mineral acids such as sulfuric acid is well known [22] . Another study reported that the rearrangement of terpineols leads to the formation of 1,8-cineole, along with menthadienes, cymenes and terpinenes [23] . It is, therefore, correlated that terpinen-1-ol, α-terpineol and terpinen-4-ol, the glycoside- bound compounds in E. cinerea, might have produced 1,8-cineole as a rearrangement product along with 3,8-p-menthadiene, p-cymene, α-terpinene, γ-terpinene, and limonene, which were found in the bound volatile fraction ( Table 1) . A reversible reaction for the formation of α-terpinene, γ-terpinene, α-terpineol and limonene from 1,8-cineole was also proposed [23] . Hence, the variations in the chemical composition of free and bound volatiles are attributed to the above mentioned chemical reactions.
Comparison between HD and SCE

Variations in oil yields:
The yield of free volatiles (3.1%) produced by HD was about three times more than by SCE (1.1%), which is in agreement with our previous studies on Elsholtzia fruiticosa [24] . The lower extract yields in SCE is attributed to the fact that the moisture content in the fresh foliage acts as a barrier to the transfer of the analytes (volatile components) to the extraction fluid i.e. CO 2 [25] .
Variations in chemical composition:
The number of components extracted by SCE (28) was higher than in the free (13) and bound (25) volatile oils produced by HD. SCE produced higher concentrations of α-terpineol (8.6%), globulol (3.1%), aromadendrene (2%), viridiflorol (1.3%) and terpinen-4-ol (1%) as compared with the free volatiles. However, 1,8-cineole was lower in the SCE extract (70.4%) than in the free volatiles. These variations are due to the difference in polarities and solvating powers of the extracting fluids, namely water and supercritical CO 2 . In general, the highest oxygenated monoterpene content (OM) was found in the free volatile oil (93%), followed by the SCE extract (82.8%). The SCE produced extract contained the highest content of oxygenated sesquiterpenes (OS) (6.4%) and sesquiterpene hydrocarbons (SH) (3.3%), followed by bound volatiles (3.1% and 1.2%) and free volatiles (1.6% and 0.2%, respectively). Interestingly, the bound volatiles contained seven times more monoterpene hydrocarbons (MH) (38.2%) than the free volatile oil (4.9%). Under the present experimental conditions, HD was a better technique in terms of quantitative yields as compared with SCE. Although the 1,8-cineole concentration was higher in the HD oil, SCE produced a better extract in terms of the number of components.
Experimental
Plant material: E. cinerea leaves were collected from a tree growing in the experimental farm fields of the Institute of Himalayan Bioresource Technology (CSIR), Palampur, India at an elevation of 1300 m above sea level (32 o 06' 40" N latitude and 76 o 33' 46" E longitude) located in the western Himalayas (Dhauladhar range) during January to April, 2009.
Isolation of free volatile oil:
One kg fresh foliage was charged into a vessel connected to a Clevenger-type apparatus along with 2.5 L water and heated over a heating mantle to commence HD. Vapors produced in the vessel were condensed and collected in a graduated glass receiver/column. The process was carried out for 3 h after the first drop of distillate was collected. The oil sample collected was separated, measured, dried over anhydrous sodium sulfate and analyzed by GC.
Isolation of glycoside-bound volatile oil:
The spent (residue) foliage and the water obtained from the above experiment were separated and a measured quantity of H 2 SO 4 was added to the spent water to prepare a 5% solution. The contents were redistilled in the same Clevenger-type apparatus for 3 h. The oil sample collected was separated, measured, dried over anhydrous sodium sulfate and used for GC analysis.
Supercritical carbon dioxide extraction (SCE):
The experimental set-up for SCE device/system was quite similar to those reported earlier [24] . The extraction vessel, filled with 1.5 kg fresh foliage, was initially pressurized with CO 2 up to the set pressure (140 bar) and temperature (60 O C) and kept for 1 h in a static condition. Later, extraction was carried out in a dynamic mode for 3 h, with 60 g/min flow rate of CO 2 at the above mentioned extraction pressure and temperature. The first separator was maintained at a pressure of 80-90 bar and temperature at (-) 10 o C. The second separator was kept at 20-30 bar and temperature at (-) 5 o C. The extract was collected in the second separator and the waxes were separated. The extracts were stored at 0 o C and used for analysis. The experiment was repeated twice under the same conditions to obtain replicates.
GC and GC-MS analysis:
The oil was analyzed by GC and GC-MS analysis under the experimental conditions quite similar to those reported earlier [24] . Identification of constituents was also carried out by comparison of MS data and from RRI values available in the literature [26a-26c] , and from the National Institute of Standards and Technology (NIST) [26d] and our own library.
